Extracellular matrix proteins and their cellular receptors, integrins, play a fundamental role in keratinocyte adhesion and migration. During wound healing, keratinocytes detach, migrate until the two epithelial sheets confront, and then regenerate the basement membrane. We examined the expression of different integrins and their putative ligands in keratinocytes during human mucosal wound healing. Migrating keratinocytes continuously expressed kalinin but not the other typical components of the basement membrane zone: type IV collagen, laminin, and type VII collagen. When the epithelial sheets confronted each other, these missing basement membrane components started to appear gradually through the entire wound area. The expression of integrin 81 subunit was increased in keratinocytes during migration. The #,B-associated a2 and a3 subunits were expressed constantly by wound keratinocytes whereas the a5 subunit was present only in keratinocytes during reepithelialization. Furthermore, migrating cells started to express a,-integrins which were not present in the nonaffected epithelium. All keratinocytes also expressed the a684 integrin during migration. In the migrating cells, the distribution of integrins was altered. In normal mucosa, ,61-integrins were located mainly on the lateral plasma membrane and aQ84 at the basal surface of basal keratinocytes in the nonaffected tissue. In wounds, integrins were found in filopodia of migrating keratinocytes, and also surrounding cells in several cell layers of the migrating sheet. The results indicate that migrating keratinocytes in deep human wounds enlarge their integrin repertoire. The changes in integrin expression take place concomitantly with changes in the basement membrane composition, suggesting a close interplay of these two groups of molecules during wound healing. (J. Clin. Invest. 1993. 92:1425-1435
Introduction
Keratinocytes maintain epidermal and mucosal surfaces and protect the organism from physical, chemical, or microbial attack ( 1 ) . In wounds, the function of keratinocytes is to rapidly cover the exposed underlying connective tissue (for review, see reference 2). During this process, keratinocytes detach themselves from the basement membrane, migrate laterally into the wound bed, and finally regenerate the basement membrane. Keratinocytes have been shown to synthesize most ofthe components, such as type IV collagen, laminin, and type VII collagen, which are present at the basement membrane zone (2) . In a resting stage, keratinocytes adhere to each other and to the underlying basement membrane components. When keratinocytes migrate in the wound bed matrix, they are exposed to different adhesion proteins present in the connective tissue and in the blood clot (for reviews, see references 3 and 4). Cultured keratinocytes have been demonstrated to attach on a number of these adhesion proteins, namely various types of collagens, fibronectin, vitronectin, and thrombospondin (4) . In all cases, most of these cell-matrix interactions of human keratinocytes are mediated by integrin-type cell surface receptors (5) .
Integrins are heterodimeric cell surface receptors that bind extracellular matrix molecules including fibronectin, different types of collagens, and laminins (for reviews, see references [6] [7] [8] . In general, cell adhesion on fibronectin is dependent on the Arg-Gly-Asp (RGD) sequence and mediated by several integrin receptors (a!531, a331, a431, a4f37, avOI9 avO6, avl33, aIb13). Different types of collagens are recognized mainly by one single receptor, the a2j31-integrin. In some cell lines, the a31o and a3f1 also bind collagen. Both the a2j1 and a30 also serve as receptors for laminin together with other integrins (aC01f, a6f31, a634, a731, aA3). Based on immunolocalization studies, normal human keratinocytes in epidermis and in mucosa express the following integrins, the a2f3I, the a3f3 , and the a464 (9) (10) (11) (12) . Keratinocytes are shown to be activated when kept in culture (see reference 4). As a consequence of this process, they start to express new integrins in addition to those found in vivo. The a5f1 and the acvf5-integrins are found in cultured human keratinocytes but not in keratinocytes residing in the tissue (13) (14) (15) (16) (17) . The ligand binding function of keratinocyte integrins has been evaluated using cultured cells. The a2f1 and a43B are specific to collagens and fibronectin, respectively ( 13, 14, 18) . The a331-integrin has been reported to bind several ligands, namely fibronectin, collagen, laminin, and epiligrin (5, 14, 15, 19) . The a6134-integrin localizes in hemidesmosome structures (20) (21) (22) (23) , probably binding to epiligrin (24) or kalinin (25) present in the anchoring filaments. Finally, the acv#5-integrin mediates keratinocyte adhesion on vitronectin ( 14) .
The purpose of this investigation was to find out whether the expression of integrins and their putative ligands change in human keratinocytes when they migrate in normal human incisional wounds. Expression ofthe f1-integrins was found to be stimulated in migrating cells. Furthermore, keratinocytes were also found to express a5-and av-integrin subunits which were not found in the normal mucosa. The av-integrins were present only in keratinocytes that were not in contact with the base-ment membrane. Classical basement membrane components (laminin, type IV collagen), and type VII collagen were absent under migrating keratinocytes. Fibronectin and kalinin, were, however, present at the basal aspect of migrating keratinocytes in all stages of wound healing, serving as putative ligands for integrins.
Methods
Materials. This human experimental wound study was designed because most of the antibodies against integrin polypeptides recognize only human antigens. In addition, results from animal studies should be cautiously interpreted and are not always completely applicable to humans. The experimental protocol was approved by the Ethical Committee ofthe University ofTurku in Finland. Five subjects volunteered for the study. Incisional V-shaped wounds ( -1.5 cm long, 2 mm wide and deep) were created in human palate (distal from the first premolar tooth, -4 mm from the gingival margin). Punch biopsies (4 or 6 mm) were taken from the wounds on day 1 (24 Immunofluorescence studies. Frozen sections (6 Mm) ofexperimental wound tissue were cut and fixed with -20'C acetone for 5 min and stored at -70°C until used. Immunolocalization of integrins was performed as described previously (27) . Briefly, sections were incubated with primary antibodies diluted in PBS containing 1 mg/ml BSA for 60 min, and rinsed with the same solution for 60 (Fig. 3, A and D) . 3 d after wounding, laminin and types IV and VII collagen were, however, absent under migrating human keratinocytes (Fig. 3, B and E and Fig. 4 B) . Fibronectin was localized in the connective tissue and the clot area in both 1-and 3-d-old samples (Fig.  3, G 3-d-old wounds (Fig. 3 H) . 7 d after wounding, the two epithefial sheets joined and fully covered the wound area. The first signs of regeneration oftype IV collagen and laminin (Fig. 3, C and F) at basement membrane zone were seen at the basal aspect of keratinocytes covering the wound. Staining of laminin and type IV collagen was, however, still weak and discontinuous. Newly formed blood vessels in the granulation tissue were strongly positive for type IV collagen and laminin indicating a continuous deposition of these components during neovascularization (Fig. 3, C and F) .
Localization of the components present in the epithelial anchoring apparatus revealed an interesting distribution (Fig.  4) . Type VII collagen, which is found in the anchoring fibers, was absent below the migrating epithelial sheets of 3-d-old wounds (Fig. 4 B) . It started to reappear at the basement membrane zone on day 7 after wounding (Fig. 4 C) . As with type IV collagen and laminin (Fig. 3) , type VII collagen was only weakly and discontinuously present under the recently united epithelial sheets. Interestingly, kalinin, the newly discovered component of the anchoring filaments, was deposited by the migrating keratinocytes during all phases of wound healing (Fig. 4, D-F) . Already on day 1 after wounding, kalinin was seen under the first cells that had started lateral migration into the wound area.
Expression ofintegrins in wound keratinocytes. Integrins of the f31 family were localized mainly in the basal layer of the nonaffected oral mucosa as described earlier (38) . Stimulation of f31-integrin expression was seen at the wound margin already in l-d-old wounds (Fig. 5 A) . 3 d after wounding, the expression ofthe fl,-integrins was still strongly stimulated in keratinocytes of the leading front (Fig. 5 B) . Based on the intensity of the immunofluorescence, the relative amount of j31-integrins was increased by -1.5-fold in the migrating keratinocytes as compared with the cells in the nonaffected area in the same specimen (measured by densitometry, not shown). Also the distribution of #1-integrins changed in the migrating epithelial sheets. In nonwounded area, j31-integrins were mainly localized around the basal cells, most of the staining being intercellular. In wounds, keratinocytes extended filopodia-like extensions into the wound bed that were strongly positive for f31-integrins.
Several f3,-associated a subunits were expressed by the migrating keratinocytes. Some ofthese a subunits were also present in the epithelium of normal mucosa (a2 and a3) while others (a.) were found to be expressed only by the migrating epithelial sheet (see Figs. 5 and 6 ). Localization ofthe a2 and a3 subunits in wound epithelium was similar and they showed codistribution with the 0, subunit (Fig. 5) . In the nonaffected epithelium, only the basal cells were integrin positive while several cell layers appeared integrin positive after wounding. The a5f31 fibronectin receptor was only expressed in keratinocytes of the migrating sheets (Fig. 6, C and D) . The nonwounded area was practically devoid of signal for the a5. The a431, receptor was localized specifically in cell extensions ofthe most basal cells in the migrating sheet (Fig. 6 D) . The expression of the a5 was localized only in keratinocytes that were not depositing basement membrane components (see Fig. 3 ). 7 days after wounding, the distribution of #3-integrins started to normalize (Fig.   5 ). There was, however, a strong expression of f31-integrins in the granulation tissue. Immunostaining of the a, or a4 (not shown) integrin subunits of wound specimens gave no specific signal, and was comparable to the stainings performed using nonimmune sera (Fig. 6 B) .
In the nonwounded area, the a6-and j34-integrin subunits colocalized at the basal sufface of basal keratinocytes (Fig. 7) . Am.
often in several cell layers in cell-cell contacts, and also in the filopodia of the most basal cells in the migrating sheet. Immunolocalization ofa6 and # in 7-d-old wounds resembled that in the nonaffected mucosa (Fig. 7, C press the a,-integrins. Cells in the migrating epithelial sheet were, however, positive for the av-integrins (Fig. 6 , E and F).
The av subunit was expressed in the same area as the a5fl3 fibronectin receptor. Localization of the av-integrin was strongest at the most basal aspect ofthe migrating keratinocytes. We then localized the f33-integrin in the wounds to analyze whether this integrin was associated with the av subunit. The j#3-integrin subunit did not colocalize with the av-integrin (Fig. 6 A) .
It was found, however, at the wound margin underneath the epithelium. The expression ofthe av integrin was still localized in basal keratinocytes covering the wound area of 7-d-old samples (Fig. 6, G and H) . Again, the av integrin was found in keratinocytes that were not contacting the fully reconstituted basement membrane.
Discussion
During wound healing, the migration ofthe surface epithelium to cover the exposed connective tissue is critical for the survival ofthe organism. This migration starts within hours after injury and continues until the epithelial surface is intact (2, 39) . In this paper, we demonstrate that, during the migration process, whereas keratinocytes do not deposit type IV collagen, laminin, or type VII collagen, they increase the expression of specific integrin subunits to migrate over matrix rich in fibronectin and kalinin. We used human oral mucosa as a model to study human wound healing because of the following advantages. In human palatal mucosa, hairs and salivary glands are absent. Therefore, the epithelium arises from the wound periphery rather than from hair or glandular epithelia as is often the case in epidermal wound healing (39) . This makes the interpretation of the results easier. Oral wounds also heal rapidly and often without significant scar formation.
Migrating keratinocytes of human oral mucosa did not deposit type IV collagen or laminin when they moved in wounds. This pattern of the regeneration of the basement membrane zone components in human mucosal wounds agrees with earlier studies with epidermal wounds (40, 41 ). Type VII collagen is a major structure ofanchoring fibers (42) (43) (44) . Also, type VII collagen was absent under the migrating epithelial cells. All these three components of the basement membrane zone are believed to be synthesized mainly by keratinocytes (45) . When the two epithelial sheets confronted each other in 7-d-old 1428 Larjava et al. wounds laminin, type IV collagen, and type VII collagen started to reappear at the basement membrane zone. The localization pattern was discontinuous indicating that the epithelial sheets of small wounds first move, confront, and then reconstruct the entire basement membrane at the same time. In other models, the reorganization of the basement membrane starts behind the leading edge (40, 41 ) . Fibronectin was present in the fibrin-rich matrix under the migrating keratinocytes during all phases of wound healing. The role of fibronectin during wound healing has been emphasized in several reviews (3, 4, 46, 47) . Fibronectin is initially derived from plasma into the clot but later keratinocytes are believed to express their own cellular fibronectin that they deposit when they migrate. In one recent report, the expression of fibronectin by keratinocytes during wound healing was questioned (48). In wound granulation tissue, also embryonic type of fibronectin is synthesized (48). There is, however, no clear evidence that keratinocyte adherence on these differently spliced fibronectins would be different. Fibronectin promotes keratinocyte adhesion and migration in vitro (49) (50) (51) . Keratinocytes also leave fibronectin trails behind when they move in culture. It is evident and well recognized that fibronectin is one ofthe key molecules promoting cell migration in the provisional wound matrix (4).
Laminin was not expressed by the migrating keratinocytes. This is not surprising since laminin promotes keratinocyte cell adhesion poorly and, in fact, it inhibits their migration in vitro ( 18, 52) . Several laminin homologues have been recently identified. In addition to the classical laminin, merosin, and s-laminin (53) , also kalinin (25) , epiligrin (24) , and K-laminin (54) are found in different basement membranes. Epiligrin is a new member ofthe group ofproteins present in the basement membranes. It is believed to be similar, if not identical, to kalinin (55). Epiligrin promotes keratinocyte adhesion and it is, like fibronectin, left behind by the cells when they move in culture (24) . Epiligrin is also a putative ligand for both at614 and a3i1
integrins (24) . Our antibody specifically stains the epidermal basement membrane and it is specific for kalinin (37, 55 or undetectable levels ( 12, 59) . Keratinocytes migrating out from skin explants in culture start to express a5f3 integrin (58). It is conceivable that some of the numerous cytokines present in wound fluid could up-regulate the expression of these integrins in the absence of the underlying basement membrane. Cytokines are known to regulate integrin expression in various cell lines (60, 61 ) . In culture, both a, and a5 are expressed by keratinocytes ( 13, 14, 17, 18) . The 3-subunit associated with av was not 33, but more likely 15 . Cultured keratinocytes express mainly f35 associated av subunits ( 14, 17) . It is still, however, possible that wound keratinocytes express the av subunit which associates with either 1, or 16 subunit forming fibronectin binding integrins (7) . The function of different integrins expressed by keratinocytes during wound healing is complex. Many ofthe members in the 1,3-integrin subfamily change partially their specific lateralized distribution when keratinocytes migrate into the wound provisional matrix. Integrins were localized more at the cell surface projections facing the provisional matrix. One interesting hypothesis is that, in wounds, the cell-cell binding function of a2O1 and a301 is switched for binding extracellular ligands such as collagen, fibronectin, and epiligrin that are recognized by these receptors in vitro. Blocking the a211-and a501-integrin function by antibodies inhibits keratinocyte migration on collagen and fibronectin, respectively (62) . The role of a501 is probably in fibronectin binding in keratinocytes since this is the only known ligand for this receptor (see reference 7). The a,135 is a vitronectin receptor ( 14) . In some cases, a,-integrins could serve as receptors for collagen if RGD containing peptides are present (63) . This kind of peptides could rise from fibronectin during wound healing. They could regulate, not only the function of av integrins but also the expression of collagenase and stromelysin (34).
In mucosal wounds, a6134-integrin was present in the migrating keratinocytes. The a6134-integrin localizes in hemidesmosomes (20-23) but it is not restricted to that location. It was recently shown that in an in vitro model ofwound healing, a614 appears along the entire cell surface of migrating keratinocytes in which the hemidesmosomes are absent (21 ) . Epiligrin serves as a good candidate for a ligand for a614 in migrating keratinocytes. Hemidesomosomes could then form at the sites where anchoring filaments and anchoring fibers are formed (64) (65) (66) . The a614 was often seen in several cell layers in the wound epithelium and not restricted to the basal surface of keratinocytes. During development of stratifying epithelia, a604 expression is not restricted to the basal surface of basal cells but found uniformly around basal cells (59) . The ligand for a614 in keratinocyte cell-cell contacts in these special cases remains to be shown.
Taken together, mucosal keratinocytes enlarge their integrin repertoire and distribution during wound healing. It is probably that these changes are regulated by both wound fluid cytokines and the extracellular ligands in the wound provisional matrix.
